Abstract About 8 year electron density profile (EDP) data from the COSMIC/FORMOSAT-3 satellites radio occultation technique were used to investigate the additional stratification of the F2 (the so-called F3 layer) layer over the equatorial and low-latitude ionosphere on a global scale for both the bottomside and topside ionosphere. The F3 layer was recognized through the altitude differential profile featured by two maxima existing from the selected EDP profile. There were~37,000 (bottomside) and 25,000 (topside) cases of F3 layer selected out of~1.27 million occultation events at equatorial and low-latitude areas during the period of April 2006 to August 2014. The statistical results for the bottomside ionosphere resemble that reported in Zhao et al. (2011a) , while in the topside the highest occurrence of F3 layer shows a 3-4 h delay depending on the altitude range of the stratification. The magnetic latitude distribution shows different dependence with a tendency to form a single crest toward high altitude. Also, the seasonal variation is weaker in the topside ionosphere compared to the bottomside one, especially in the high altitude. Then we build up an empirical model of the F3 layer occurrence using the bottomside statistics based on empirical orthogonal function (EOF) decomposition as it gets the inherent characters inside the data set and converges quickly. The model well grasps the main features of the F3 occurrence, e.g., the F3 occurrence's sensitivity on the magnetic latitude. Further, in order to accommodate the ground observation a corrected factor was introduced. As F3 layer is an important phenomenon in the low-latitude ionosphere, we have made an attempt to describe its feature with a consecutive function although future work needs to be done for an overall expression of this structure.
Introduction
The F2 layer stratification has received much attention since the additional layer of F region was first observed 60 years ago as a "spur" structure near the high-frequency end of the virtual height-frequency ionogram records from ground-based ionosondes [e.g., Sen, 1949; Ratcliffe, 1951; Skinner et al., 1954] . This new layer above regular F2 layer was called "G layer" at first [Balan and Bailey, 1995] , and then renamed to "F3 layer" because of the same chemical composition as that of the F region . After that, a large number of researches have devoted to the formation of additional layer in the F region of the equatorial and low-latitude ionosphere concerning its diurnal, seasonal, and long-term variations at different sites [e.g., Jenkins et al., 1997; Balan et al., 1998 Balan et al., , 2000 Lynn et al., 2000; Hsiao et al., 2001; Batista et al., 2002; Rama Rao et al., 2005; Zain et al., 2008; Thampi et al., 2007; Uemoto et al., 2007 Uemoto et al., , 2011 Sreeja et al., 2010; Zhao et al., 2011a Zhao et al., , 2011b Zhu et al., 2013; Chaitanya et al., 2013] . According to the above studies, the features of the F3 layer under geomagnetically quiet conditions can be summarized as follows: (1) the F3 layer can occur during daytime (0800-1700 LT) within about ±10°magnetic latitudes, (2) the occurrence of the F3 layer can be frequent on the summer side of the geomagnetic equator at solar minimum, (3) the F3 layer is observed to be dependent on the magnetic field inclination with lower occurrence at the equator and higher far off the equator, and (4) the occurrence of the magnetic equatorial F3 layer can extend to the postsunset time (18:00-22:00 LT), and clearly raises with increasing solar activity [Zhao et al., 2011b] . Besides, the F3 layer also could occur during magnetic storm period especially during the main phase. Recent observational and modeling works show an intensification of the F3 layer at magnetic equator and low latitudes in response to a strong magnetospheric ZHAO ET AL.
prompt penetration electric field [e.g., Zhao et al., 2005a; Paznukhov et al., 2007; Balan et al., 2008 Balan et al., , 2011 Lin et al., 2009a Lin et al., , 2009b Sreeja et al., 2009 Sreeja et al., , 2010 Klimenko et al., 2011] .
Theoretical researches have shown that the F3 layer is formed by zonal component of electric field with assistance of meridional component of thermospheric wind and field-aligned plasma diffusion [Balan et al., 1998; Chaitanya et al., 2013] . Uemoto et al. [2011] improved this mechanism by claiming that the field-aligned diffusion of plasma acts to make the F3 layer prominent in the magnetic latitude far off the magnetic equator region (more than 7°). Fagundes et al. [2007] reported for the first time the daytime F2 layer stratification over an equatorial anomaly crest location. This type of F2 layer stratification seems to be associated with a possible manifestation of middle scale travelling ionospheric disturbances (MSTIDs) due to the propagation of atmospheric gravity waves (AGWs) in the middle latitudes. Later, Fagundes et al. [2011] discussed the occurrence of the F3 layer as a function of solar cycle and season near the equatorial ionization anomaly (EIA) southern crest in Brazil. Klimenko et al. [2011 Klimenko et al. [ , 2012 demonstrated that the F3 layer is formed as a result of the nonuniformity of vertical E × B plasma drifts in height at the geomagnetic equator.
The spatial distribution of stratification of the F2 layer can also be observed by the satellite equipment. It is identified as the "topside ledge" in the topside electron density profiles recorded from in situ and topside sounding ionograms [e.g., Sayers et al., 1963; Lockwood and Nelms, 1964; Raghavarao and Sivaraman, 1974; Sharma and Raghavarao, 1989; Depuev and Pulinets, 2001; Uemoto et al., 2004 Uemoto et al., , 2006 . Unlike the F3 layer being investigated with large data set on the ground, the variety of topside stratification is unclear due to limited amount cases. Recently, Karpachev et al. [2012] demonstrated that the topside ledge is most often observed in the afternoon and evening hours, less often at night and rarely in the morning based on 3600 passes across equator of the IK-19 topside sounding data.
The traditional investigation of the F3 layer using ground-based observations suffers from geographic limitation of the observational site and therefore is unable to give a global feature of the F3 layer. Zhao et al.
[2011a] introduce radio occultation (RO) data from the COSMIC/FORMOSAT-3 (a Constellation Observing System for Meteorology, Ionosphere, and Climate mission, here COSMIC for short) satellites to investigate, for the first time, the additional stratification of the F2 layer over the equatorial and low-latitude ionosphere on a global scale. Their results showed that the highest occurrence of the F3 layer appears at the dip latitude range 7 ∼ 8°/À7 ∼ À8°for Northern/Southern Hemisphere and is more pronounced during summer months at 10:00-14:00 LT. The occurrence also has a clear longitude dependence during boreal summer that is possibly associated with the wave number-3 diurnal tide (DE3). Up to now, the F3 layer is known to be an important feature in the low-latitude ionosphere reflecting the dynamic/electrodynamic processes and coupling between the lower atmosphere and ionosphere. Naturally, there is a need to parameterize the F3 occurrence, as a part of ionospheric modeling, which is of great significance in both the investigation on ionospheric climatology/weather and the applications in radio propagation. In this paper, we tend to build up an empirical model of the F3 layer occurrence based on 8 year COSMIC RO data. In the following sections, we first describe the data source and method to identify the stratification in the electron density profile (EDP) and show the statistical results. Then, we introduce the empirical orthogonal function (EOF) analysis and the modeling algorithm. Next, we discuss the validity of the modeling result in comparison with the ground observations. Finally, a concluding remark of the present work is given.
Data Resources and Procedure of F3 Layer Selection

Quality Control of the COSMIC EDP Data and Criteria for Choosing the F3 Layer
Since the launch of the COSMIC constellation in 2006, the COSMIC program now has accumulated nearly 4,050,000 EDPs which is available at COSMIC Data Analysis and Archive Center (CDAAC) for the period from day of year (DoY) 111 in 2006 to DoY 224 in 2014. The mission provides approximately 24 h of local time coverage and globally 1000-2500 vertical EDPs (100~800 km) per day. The altitude range of~15% of the total EDPs is below 600 km. Preliminary validation study of EDPs data was performed by Lei et al. [2007] which shows that the COSMIC derived ionospheric parameters appear to be consistent with other measurements such as the incoherent scatter radars and ionosondes and with model simulations. Systematical evaluations up on the RO EDP quality have been done by Yue et al. [2010 Yue et al. [ , 2011 through both simulation and real data comparison. Although there exists systematic bias of EDP especially in the equatorial and low-latitude region, the Abel inversion can maintain the shape of the EDP quite well in either bottomside or topside ionosphere as illustrated by Yue et al. [2010 Yue et al. [ , 2011 , respectively. It implies that our results will not be influenced by the Abel inversion error since the altitude differential EDP will be used to identify the F3 layer in the study. Figure 1 illustrates the distributions of the number of profiles with good quality as function of DoY, local time, dip latitude, and longitude. The data are uniformly distributed in DoY and local time. The occultation event number is relatively small at the longitude range À10~120°and relatively fewer in the equatorial and low-latitude region because of the high inclination orbit of Low Earth Orbit (LEO) satellite [Mousa et al., 2006] . The criteria used for identifying the profiles with F3 layer is through calculating the altitude changing rate of Ne (dNe/dh) which has two maximums. In the bottom of Figure 2 , the right panel, ionogram recorded at Kwajalein (KJ, 9.0°N, 167.2°E, dip latitude 3.8°N) at 23:30 UT (10:30 LT) on 2 June 2007 provides an F3 layer example. Both O-mode (red) and X-mode (green) echoes show that the trace in the F2 region has been distorted into two parts. At 450-750 km the O-mode frequency sweeps from 4.55 to 6.25 MHz. It increases fast at the bottom of the F2 layer and slows down near 5.92 MHz, and then it starts to increase fast again forming an additional layer at the high frequency part. The ionospheric profile was retrieved by the SAOexplorer software [Reinisch et al., 2004] . The dNe/dh curve was presented on the right panel. Note that even ionogram inversion routines of SAO-explorer do smooth the trace significantly, the dNe/dh shows double crests and a trough at the bottom ionosphere suggesting two maximum gradients in the Ne profile. This structure can be diagnosed as a sign of a F3 layer. At this moment, there was a RO event passing by the Kwajalein as shown in the map of the top panel of Figure 2 . The left panel in the bottom shows its EDP with maximum electron density and corresponding altitude approaching 4.9 × 10 5 el/cm 3 (6.28 MHz) and 344 km, which is very close to the ground ionosonde observation. The differential EDP dNe/dh shows similar two crests and a trough as presented in the ionogram suggesting two maximum gradients in the Ne profile.
Another issue as regard to the data process should be emphasized is that spread-F is an important source to cause the signal-to-noise intensity fluctuations of L1 (1.575GHz) channel of GPS radio occultation, which produce the small-scale perturbations in the EDP. A favorable fact is that the altitude resolution of such perturbation is about 0~20 km as shown in Yue et al. [2013] . In order to remove this small structure, we have performed a 30/50 km width low-band filtering to remove such situation for bottom/topside ionopshere. However, we know that even this cannot remove all the spread-F condition or hardly separate the topside ledge/F3 from large bubble structure. Considering that the spread-F occurs with higher occurrence after sunset, the upper limit of the time interval selected for the analysis should be set to about 19:00-20:00 LT. However, this will make the sunset F3 layer not that significant or complete. The equatorial sunset F3 layer usually extends to 22:00 LT [Zhao et al., 2011b] . The result could be less convinced near 24:00 LT. Thus, a compromise scheme is that the result within 22:00 LT is more satisfied.
To select F3 cases from large database, the following steps are completed. First, since the F3 layer is primarily a phenomenon at low latitudes, we restrict the data to À30°∼ 30°dip latitudes which reduces the number of 
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RO events to ∼ 1,274, 000. It is known that the COSMIC EDPs are not always smooth curves. Thus, to control the quality of EDP, the mean deviation (MD) defined as below is introduced to evaluate its smoothness,
where x i is the un-smoothed electron density and x is the nine-point running mean, N is the amount of the point for a profile. Here, we perform statistics of MD for different local time separately for bottomside and topside EDP as shown in the upper panels of Figure 3 (black). The lower boundary of the profile is set to 200 km to avoid the contamination of F1 layer and large retrieval errors. We also give the local time distribution of the average as well as their standard deviation of amount of maximum (AM) appearing in the curve of dNe/dh after nine-point smooth for both the bottomside and topside profiles as shown in the lower panels. It is seen that the average MD is small (bottomside, 1.5-2.5; topside, 0.6-1.0) during the daytime 06:00-18:00 LT and becomes increasingly larger as moving into the midnight (4.0-6.0; 1.5-3.2). The average AM shows the similar trend. For the bottomside EDP, the value is low at 06:00 LT and increases to above 1.0 and reaches maximum around 10:00 LT indicating that the ionosphere becomes stratified and then decreases approaching 18:00 LT. After 18:30 LT, the number again shows a large increase as moving deep into the night. The situation of the topside EDP presents the similar variation, but the value in the average AM is an order of magnitude larger.
The above statistical results demonstrate the quality of the profile from two aspects. First, the smoothness of the nighttime EDP decreases significantly because the EDP is probably vertically affected by a number of very small structures, most possibly caused by the spread-F as mentioned above during nighttime period [Chapagain et al., 2009] . To remove the questionable profiles, we restrict the data to the time interval 06:00-24:00 LT. Meanwhile we set MD upper limit 2.0 and 1.6 considering the daytime average and standard deviation for bottom and topside ionosphere to control the profile quality before identifying the F3 layer. Second, the topside ionosphere show much more burrs compared to the bottomside ionosphere. We then calculate the average as well as standard deviations of MD and AM for the topside ionosphere at an altitude range from H max to H max + 100 km (denoted as MD 100 and AM 100 ) and H max + 200 km (MD 200 and AM 200 ) as indicated by green and blue lines in Figure 3 , where H max is the altitude of maximum electron content. The results show that the daytime MD 100 and MD 200 are close to the MD for the whole topside ionosphere. The daytime average AM 100 (1.4) and AM 200 (1.8) are much lower than average AM (4.0) for the whole topside ionosphere, suggesting that the ionosphere becomes much fluctuated toward the top of the ionosphere. This might be due to the calibration on the un-occultation side during the Abel inversion as pointed by Yue et al. [2011] . Thus, we choose the part of profile at a range from H max to H max + 200 km to be our target profile when selecting the F3 case in the topside ionosphere. Figure 4a gives six examples of the F3 cases randomly selected using the above method. The red line in the top panel displays the tangent point trajectory of occultation event, and the green part represents its bottomside part in the range of 200 km~H max where the stratification occurs. The six subpanels illustrate the EDPs and the corresponding virtual heights versus frequencies (that is, ionogram) retrieved from the following form,
where n g and n are group and phase refractive index, respectively, that can be calculated from the AppletonHartree formula. Sweeping frequency f and reflecting altitude h r (f) are obtained from the EDP. It is seen that the six cases show the stratification to varying degrees. Case 3 and 5 show clear double layers at F2 height, and case 1, 2, and 4 show less distinctive but still recognizable feature in the ionogram. In fact, case 1 and 4 denote situation called F1.5 layer as described by Lynn et al. [2000] . Lynn et al. [2000] discussed the problem of the nomenclature to describe F2 stratification. They proposed that the additional layer be referred to as F3 or F1.5 depending on whether the transitory layer moved above or stayed below the F2 layer peak which maintained continuity with the prestratification and poststratification F2 layer. Their oblique ionosonde measurements in Southeast Asia show that the transitory layer was seen as an F3 layer close to the magnetic equator but invariably as an F1.5 layer farther from the magnetic equator. These observations suggest that the distortion in the equatorial electron density profile, associated with a movement toward the base of the F2 layer as magnetic field lines, descended with increasing latitude. F1.5 and F3 layer are always mixed and transform to each other with time. Most studies use the term F3 layer for simplicity in expression. Case 6 is least evident that represents the sunset situation always observed at 18:00-22:00 LT as described by Zhao et al. [2011b] . The dark pentagrams in each of the bottom panels represent the corresponding position in the EDP and ionogram where trough of dNe/dh occurs which can be diagnosed as a sign of a stratification. Their trajectory locations were marked with empty pentagrams in the top panels. Figure 4b shows 6 examples of the stratification in the topside ionosphere in the range of H max to H max + 200 km. Case 1 and 2 present typical topside ionograms for morningnoon time that provides ledge examples. Cusp structures appearing at 7.4 and 6.9 MHz are signs of local enhancements in the electron density profiles, which shows that the thickness of the F layer is greater than the other cases. Cusps can be pronounced or not very noticeable as denoted by case 3-6 where ledges can be set at around 7.3, 7.1 and 6.4 and 7.0 MHz. It is seen that case 4 and 5 show mutli-stratification in the topside. We only marked the position where minimum trough occurs in dNe/dh. The retrieved stratifications in h′(f) quite resemble the previous observed topside ledges in the topside sounding ionogram .
Statistical Results for the Bottomside and Topside Ionosphere
After validation of the method diagnosing the F3 layer, we make statistical calculation from ∼ 1,274, 000 RO events within À30°∼ 30°dip latitudes and record the spatial and temporal information of the stratifications as marked by pentagrams in the Figures 4a and 4b. There are totally~37,100 and~25,600 cases that satisfy the above criteria for the bottomside and topside ionosphere, respectively. In Figure 5 the left panels from top to bottom show the local time, magnetic latitude, geographic longitude, and seasonal dependence of the amount of the stratifications for bottomside (red) and topside (green) ionosphere. Meanwhile, considering multi-stratification cases in the topside ionosphere we also make separated statistics in the height range of [H max , H max + 100 km] marked by topside 100 (red) and [H max + 100 km, H max + 200 km] by topside 200 (green) as illustrated in the right panels of Figure 5 .
It can be seen in Figure 5a that the number for the bottomside F3 case increases quickly after 08:00 LT and reaches the highest level at around 10:15 LT and then gradually decreases until 18:30 LT. After that, it grows again and remains at a low level toward the midnight. For the topside F3 case the number gradually increases after 09:00 LT and peaks at 13:00 LT, then remains at high level until 16:00 LT and gradually decreases until 18:30 LT. After that, it grows again and remains at a high level toward the midnight comparing to the daytime amount. Figure 5e shows that the daytime peak value in topside 200 appears with 1-2 h delay compared to that in topside 100. This local time dependence of the F3 layer agrees well with the past ionosonde observation and simulation [Balan et al., 1998 ], and is understood as the vertically upward plasma drifts at and above the F2 layer during the morning-noon period being significant due to the combined effect of the upward E × B drift and the neutral wind lifting. The topside F3 layer is shown 3-4 h delay relative to the appearance of the bottom one due to the vertical transportation process. The nighttime enhancement accords well with the result of Zhao et al. [2011b] which reports postsunset F3 layer due to the F region pre-reversal enhancement of the equatorial zonal electric field. However, there are no obvious delay effects for the appearance of nighttime cases between the bottomside and topside ionosphere.
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The magnetic latitude dependence of the F3 layer shown in Figure 5b illustrates that for the bottomside F3 case the highest occurrence number appears at around 7~8°/À7~À8°for the Northern/Southern Hemisphere just inside the usual EIA crest regions at ±12-15°. The result has testified the preliminary assumption of the magnetic latitude dependence of the F3 layer using the ionosonde [e.g., Lynn et al., 2000; Batista et al., 2002] . For the topside F3 case, the number shows no obvious peak value but a relatively high platform at magnetic low latitude within ±13°. However, Figure 5f shows that topside 100 and topside 200 present different magnetic latitude dependence. The distribution of topside 100 has two maxima around 15°/À12°f or the Northern/Southern Hemisphere. The topside 200 presents an enhancement at trough region of topside 100 showing weak double crest structure. The result suggests that as the altitude increases, there is a tendency in magnetic latitude dependence of F3 amount to be converged around the magnetic equator. These statistical results reflect the previously reported characteristic of topside ledge distribution which shows that the topside ionization ledge roughly lies along the magnetic field line passing through the EIA crests [Lockwood and Nelms, 1964; Raghavarao and Sivaraman, 1974; Sharma and Raghavarao, 1989; Uemoto et al., 2004 Uemoto et al., , 2006 . The configuration of geomagnetic field naturally determines a distribution that 
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topside ledge exists at a higher altitude approaching the magnetic equator. Then the topside F3 layer can be probably regarded as an equivalent structure to describe the topside ledge or different stage of topside ledge as topside ledge was observed at higher altitude from the topside sounding technique than the present COSMIC measurement (400~550 km).
As regards the longitude dependence of the F3 layer for both the bottomside and topside ionosphere, several peaks can be identified in the distribution, which are located at around À160~À170°, À80~À90°, À10~10°, and 90~120°. The four-peaked longitudinal structure of F3 layer occurrence resembles the wave number 4 (WN4) structure which has been detected in a variety of ionospheric parameters [e.g., Immel et al., 2006; Wan et al., 2008; Pancheva and Mukhtarov, 2010] . The occurrence of the F3 layer is modulated by the wave structures. This is expectable because the occurrence depends mainly on upward E × B drift and partly on neutral winds, which show obvious WN4 structure. In addition, the waves can indirectly affect the occurrence of the F3 layer by changing the F2/F3 heights through the electric field arising in E region-F region coupling.
In Figure 5d , it is also shown that as a function of DoY there are more F3 cases in solstitial months than in equinoctial months for the bottomside ionosphere. This seasonal dependence also appears in the topside Figure 6 . The left panels from top to bottom show distributions of the number of F3 cases as functions of local time, magnetic latitude, geographic longitude, and day of year for bottomside ionosphere with three conditions: unqualified, condition 1, and condition 2 as described in the text. The right panels present the same variations but for the topside ionosphere.
Journal of Geophysical Research: Space Physics
10.1002/2014JA020220
ionosphere but less evident. Further, in Figure 5h topside 100 shows more evident seasonal dependence than that in topside 200 .This is understood that the region where topside 100 exists is closer to the bottomside ionosphere. The topside F3 layer there is most probably the remnant of the bottomside F3 layer. Thus, the climatology of this region in F3 should resemble that of the bottomside one.
So far, we have summarized the feature of the F3 layer based on statistical results from large COSMIC data set. However, one issue needs to be considered as regards the reliability of the results. It is known that the accuracy of COSMIC EDPs retrieval depends on several assumptions, where the most significant one is the spherical symmetry of electron density hypothesis [Lei et al., 2007; Yue et al., 2010] . To investigate how the scale of occultation track affects the statistical distribution, we restrict the scope of tangent point trajectory (green lines in Figures 4a and 4b by setting the condition 1 within geographic latitude and longitude not exceeding 4°and 15°and condition 2 not exceeding 3°and 15°. The new statistical results under qualifications are compared with the unqualified one as shown in Figure 6 indicated by different colors. It is seen that for the bottomside ionosphere in the left panels, the distribution as well as the number has little changes as a function of local time, magnetic latitude, geographic longitude, and DoY. As for the topside ionosphere shown in the right panels the trend in the distribution does not change much but the amount decreases significantly. Since the altitude range of topside ionosphere is much larger than that of the bottomside one, the restriction has more influence on the statistics in the topside. This in turn reflects the stability of the statistical results in the bottomside ionosphere based on the COSMIC data.
Parameterization of the F3 Occurrence of the Bottomside Ionosphere
From above analysis, we know that the appearance of the F3 layer in the bottomside is clearly dependent on local time, magnetic latitude, seasonal variation, and possibly geographic longitude. This motivates us to build up a climatology model to describe the global F3 layer occurrence in the local time versus magnetic latitude (MLAT) coordinate that is modulated by DoY. In this climatology model the EOF analysis is used as the key algorithm to present precisely the regional F3 occurrence. That is, EOF analysis has the advantage to get the inherent characters inside a data set and converges quickly. Hence, it has been applied to various domes [Storch and Zwiers, 2002] and was recently used in analyzing and modeling of the ionosphere [e.g., Zhao et al., 2005b; Zhang et al., 2009 ].
Here we define P(t, θ, φ) as the occurrence of the F3 layer which can be calculated as percentage of the total occultation events. θ and φ are, respectively, the MLAT and LT, and t denotes DoY; First we divide the LT 
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(06:00-24:00) vs. MLAT (À30~30°) plane into mesh grids with grid length ΔLT = 1 h and ΔMLAT = 2°. We calculate the number of the F3 layer in each bin as grid N F3 value and also the total occultation events as N total , then give the percentage P = N F3 /N total . For each day there is a map, and to assure data coverage over the entire map, a 30 day smooth window is employed centered around DoY forming a 365 × 31 × 18 matrix. The F3 occurrence can be expressed as following,
Where hP(t, θ, φ)i t is the time average of P(t, θ, φ), and i denotes the order of EOF mode; the EOF approach determines the most likely basis function set {v i (θ, φ)} by computing the eigenvectors of the covariance matrix of the data P(t, θ, φ), accompanied with eigenvalues μ i in the equation Cv i = μ i v i . Resulting EOF eigenvectors v i (θ, φ) are ordered in relative importance by the magnitude of μ i for each mode. Corresponding principal components A i (t) representing the EOF coefficients can be obtained by projecting onto the i'th EOF mode. In the present study, the first three EOF modes (contribution ratio as 68.85%, 9.67%, and 4.27%) totally account for 82.81% variance. In order to ensure the accuracy of modeling, we used the first 10 EOF modes, which contributes 94.24% of total variance, to build up our model. The hP(t, θ, φ)i t and each EOF mode are reconstructed by spherical harmonics as follows,
where P mn is the Legrenge polynomial and n max is set to 12. Figure 7 shows the reconstructed time average map of hP(t, θ, φ)i t as well as the first three-order EOF modes v i (i = 1, 2, 3). Figure 8 presents their corresponding principal components A i (t) (i = 1, 2, 3) with blue lines. It is seen that hPi presents a symmetric distribution which shows maxima around 10:00-11:00 LT at around magnetic latitude ±8.5°marked by horizontal dashed lines and persist until the 17:00-18:00 LT with the peak value moving toward magnetic equator. During 19:00-21:00 LT near the equatorial area the sunset F3 layer appears which is consistent with ground ionosonde observation as reported by Zhao et al. [2011b] . The first EOF mode v 1 represents the hemispheric asymmetry that is associated with seasonal variation. This can be identified from its first principal component A 1 (t) which presents a clear annual variation shown in Figure 8 . The combination of v 1 and A 1 (t) suggests that F3 layer mainly appears with dominant occurrence during boreal summer months in both hemispheres that is consistent with previous study [e.g., Balan et al., 1998 ]. The second EOF mode v 2 represents the hemispheric symmetry that is associated with semiannual variation as indicated by A 2 (t) which shows that F3 occurrence is more pronounced in solstitial months than in equinoctial months for both hemispheres. This semiannual variation in the occurrence of F3 layer was also revealed at Fortaleza (magnetic latitude 4.5°S) [Balan et al., 1998 ] and at Chumphon (3.2°N) [Uemoto et al., 2011] but does not appear at the other observational sites that are far-off the magnetic equator [e.g., Rama Rao et al., 2005; Zain et al., 2008; Uemoto et al., 2011; Zhu et al., 2013] . As indicated in v 2 , the region of maximum value is closer to the magnetic equator compared to the ±8.5°magnetic latitude lines, which suggests that the difference in seasonal dependence of the occurrence probability of different sites may be caused not by the difference in the geographic longitude but that of the magnetic latitude as suggested by Uemoto et al. [2011] . The third EOF mode v 3 and its temporal variation A 3 (t) have no obvious physical implication.
From the above analysis, it is shown that the EOF decomposition can grasp the detailed features of the F3 layer occurrence. Then, we further modeled the EOF coefficients A i (t) by a combination of a series of Fourier function which can be expressed in equation (5),
The first three harmonic components are marked by dashed lines in Figure 8 , and the green lines denotes the model values.
Comparison Between the Model and Ground Ionosonde Statistical Results
The model is then compared with the ground observational result from five ionosondes of different locations. Four of them are from Zhao et al. [2011b] According to Lynn et al. [2000] , the stratification was recognized in terms of a kink in the profile of the F2 layer, which could rise above the peak of the background F2 layer (F3 layer), or remain below the peak depending on the latitude of observation (F1.5 layer).
In Figure 9 the middle panels list the F3 occurrence probability at five stations from northern hemisphere to the southern hemisphere. The left panels show the corresponding model results with input of magnetic latitude of selected stations. It is seen that the model grasps the main and even some detailed features of the climatology of F3 occurrence at different sites from low-latitude region, near the magnetic equator to over the magnetic equator. However, the magnitude of the maximum value given by the model is~35% which is much smaller than that 95% obtained by the ground ionosonde observation. This discrepancy can be interpreted as that the F3 cases of the occultation is characterized by event detection which is transient due to the quick moving of satellite. While in the ground observation, the F3 statistics is a consecutive process. In addition, the Abel inversion process tends to smooth the true profile and therefore will make the F3 occurrence less significant [Yue et al., 2010] . To acquire the monthly occurrence probabilities, we counted the number of days in each month when at least one ionogram shows the F3 layer in an hour. To compromise these two different observational results, we add a correction factor to the model. Considering that we concern mainly the region of high F3 probability, we calculate the mean value of P that satisfies P > P max /e for all the stations except the magnetic equatorial station Jicamarca and also the average P for the corresponding model values. The multiple factor M between the two measurements of the four station site from north to south is 3.02, 2.82, 2.24, and 2.5. The correction factor <M>, the mean of the above values, is 2.65. The right panels in Figure 9 list the distribution of the corrected P that is multiplied by <M> with upper limit 100%.
Remarks and Conclusion
In the present work, a statistical work to infer the F3 layer structure directly from COSMIC RO data was performed based on the data during 2006-2014. Basic morphology and properties of the F3 layer occurrence for both the bottomside and topside ionosphere are investigated. The spatial and temporal distributions of the F3 layer occurrence on a global scale are presented, which obviously show the existence of the F2 stratification as a regular phenomenon at all the longitudes and have delineated its rapid variation with latitude in a narrow zone of occurrence. It is clearly seen in the local time distribution that as the altitude of F3 layer increases, a longer time delay occurs for its peak occurrence which testifies that the topside F3 layer are originated from the bottom ionosphere on the other side. The results also show that in the topside ionosphere as the height increases, the latitudinal structure of the F3 layer tends to converge to the magnetic equator forming a single crest, and meanwhile it has a wide latitude boundary. Similar results were revealed by topside sounding technique on the basis of statistical analysis of IK-19 satellite of unprecedently large database, 3600 passes across the equator [Karpachev et al., 2013] , which shows a hump within a geomagnetic latitude range from À15°to 15°between EIA crests regardless of seasons, and sometimes the F3 layer is observed on the outside slope of the EIA crest. Notice that most of their F3 layer cases are around 600-750 km. This altitude scale is higher than that presented in this paper for the topside ionosphere due to the quality control of the COSMIC EDP data. Actually the fluctuations of EDP data at higher altitudes around~550-800 km contaminate the result's reliability that is ignored in the study which reduced the statistical quantity in the topside ionophere.
In contrast to the topside stratification, the bottomside results are shown more stable and enable us to build up an empirical model for describing the F3 layer in the form of continuous function. Here we develop a mathematical model based on a series of eigen vectors (EOF patterns) mapping F3 probability patterns in magnetic latitude and local time, and corresponding EOF coefficients displaying the variation in different time scales. Since the EOF decomposition gets the inherent characters inside the data set and converges quickly, the model grasps the main features of the F3 occurrence, e.g., the F3 occurrence's sensitivity on the magnetic latitude. Further, in order to accommodate the ground observation a corrected factor was introduced. However, this model does not consider the longitude variability see in Figure 5 because of limited data set if considering this dimension. It is known that the geographic equator and magnetic equator have large discrepancy at South America. Although the ionosphere varies with magnetic latitude, the thermospheric wind is modulated by the geographic latitude. This is why in Figure 9 for Jicamarca the model shows a weak enhancement around May-July months around morning, while the Journal of Geophysical Research: Space Physics
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actual observation is around November-December months see details in Zhao et al. [2011b] . We will include longitude distribution as increased samples to have a better description of global F3 occurrence.
Finally, F3 layer can be regarded as an anomaly as it is beyond the prediction of the Chapman ionization theory. However, this structure is quite common at equatorial and low-latitude areas and cannot be neglected in the ionospheric modeling, e.g., International Reference Ionosphere [Bilitza et al., 2011] , in order to give an accurate description of the ionosphere. The large data volume of occultation resources makes it possible to empirical modeling of F3 layer globally. Its good spatial coverage makes up the deficiencies of the ground observations since there are few ionosonde stations at equatorial and low-latitude areas, and also the judgment of F3 from the ionogram is quite subjective depending on personal experience. This is the first attempt to parameterize the F3 relevant feature, and to perform a full description there is still large work to be done. For example the altitude and intensity will be extracted in the future work.
